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Phagocytosis of large extracellular particles such as
apoptotic bodies requires delivery of the intracellular
endosomal and lysosomal membranes to form plas-
malemmal pseudopods. Here, we identified mucoli-
pin TRP channel 1 (TRPML1) as the key lysosomal
Ca2+ channel regulating focal exocytosis and phago-
some biogenesis. Both particle ingestion and lyso-
somal exocytosis are inhibited by synthetic TRPML1
blockers and are defective in macrophages isolated
from TRPML1 knockout mice. Furthermore, TRPML1
overexpression and TRPML1 agonists facilitate both
lysosomal exocytosis and particle uptake. Using
time-lapse confocal imaging and direct patch clamp-
ing of phagosomal membranes, we found that parti-
cle binding induces lysosomal PI(3,5)P2 elevation to
trigger TRPML1-mediated lysosomal Ca2+ release
specifically at the site of uptake, rapidly delivering
TRPML1-resident lysosomal membranes to nascent
phagosomes via lysosomal exocytosis. Thus phago-
cytic ingestion of large particles activates a
phosphoinositide- and Ca2+-dependent exocytosis
pathway to provide membranes necessary for pseu-
dopod extension, leading to clearance of senescent
and apoptotic cells in vivo.
INTRODUCTION
Macrophages participate in tissue remodeling and cellular clear-
ance by engulfing large extracellular particles, such as apoptotic
cells or senescent red blood cells (RBCs), through a highly regu-
lated process called phagocytosis (Flannagan et al., 2012). Par-
ticle binding to specific cell surface receptors, such as IgG Fc
receptors, triggers a cascade of signaling events to rapidly
extend the plasma membrane around the particle(s) (AderemDevelopmenand Underhill, 1999). Plasma membrane extensions, called
plasmalemmal pseudopods, form phagocytic cups to ingest
particles into vacuole-like structures called phagosomes within
several minutes after particle binding (Niedergang and Chavrier,
2004) (see Figure 6I). Nascent phagosomes then undergo mem-
brane fusion and fission events, collectively called phagosomal
maturation, in a time course of tens of minutes to become phag-
olysosomes tomediate particle digestion (Aderem andUnderhill,
1999; Vieira et al., 2002). Although a large amount of plasma
membrane is internalized during phagocytosis (Aderem and
Underhill, 1999; Touret et al., 2005), paradoxically, the overall
surface area of the phagocytosing cells does not decrease
(Braun and Niedergang, 2006; Huynh et al., 2007) and indeed in-
creases significantly before the closing of the phagocytic cups
(Holevinsky and Nelson, 1998). Consistently, membrane fusion
machinery is shown to be required for phagosome formation/
biogenesis and efficient phagocytosis (Hackam et al., 1998),
and a substantial amount of membrane from intracellular com-
partments are found to be added to the cell surface at the sites
of particle uptake (so called ‘‘focal’’ exocytosis) (Braun et al.,
2004; Czibener et al., 2006).
Recycling endosomes have been shown as a supply of intra-
cellular membrane for phagosome formation and particle uptake
in a vesicle-associated membrane protein 3 (VAMP3)-depen-
dent manner (Cox et al., 1999; Bajno et al., 2000). More recently,
lysosomes have been identified as another major source of intra-
cellular membrane required for particle uptake, particularly un-
der high load conditions, i.e., when large (>5 mm) and/or multiple
particles are ingested by a single phagocyte (Huynh et al., 2007).
Under such conditions, lysosomes are involved in the very early
steps of phagosome biogenesis/formation, prior to the closing of
the phagocytic cups (see Figure 6I) (Braun et al., 2004; Czibener
et al., 2006). Fusion of lysosomes with the plasma membrane
(lysosomal exocytosis) and the delivery of lysosomal mem-
branes/proteins to the surface of the newly formed phagosomes
are observed at the sites of particle ingestion (Swanson et al.,
1987; Tapper and Sundler, 1995), and manipulations blocking
lysosomal exocytosis significantly reduce particle uptake in
macrophages (Braun et al., 2004; Czibener et al., 2006).tal Cell 26, 511–524, September 16, 2013 ª2013 Elsevier Inc. 511
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lysosomal exocytosis (Andrews, 2000), with Synaptotagmin VII
(Syt-VII) being the primary Ca2+ sensor in the lysosome (Czibener
et al., 2006). Vesicle-associated membrane protein 7 (VAMP7), a
SNARE protein in the late endosome and lysosome, is required
for lysosomal exocytosis (Braun et al., 2004). Consistent with
the role of lysosomal exocytosis in particle ingestion, macro-
phages lacking VAMP7 or Syt VII exhibit defects in both lyso-
somal exocytosis and particle uptake, but preferentially under
high particle loads (Braun et al., 2004; Czibener et al., 2006).
Intracellular Ca2+ ([Ca2+]i) elevation was observed in the vicinity
of the particle uptake sites in neutrophils (Theler et al., 1995;
Tapper et al., 2002), but not in macrophages (Nunes and
Demaurex, 2010). However, preloading cells with the fast
membrane-permeant Ca2+ chelator BAPTA-AM dramatically re-
duces lysosomal exocytosis and particle uptake inmacrophages
(Tapper et al., 2002; Czibener et al., 2006), suggesting that a
small amount of Ca2+ release from nonconventional internal
stores that might have escaped detection by using conventional
Ca2+ imaging methods may play a crucial role in macrophage
phagocytosis. Because the lysosomal lumen is believed to be
the main source of Ca2+ for Ca2+-dependent vesicular trafficking
in the late endocytic pathways (Pryor et al., 2000), it is possible
that lysosomes themselves provide the Ca2+ required for
particle-induced exocytosis. However, definitive evidence to
support this hypothesis is still lacking, and more importantly,
the ion channel(s) responsible for Ca2+ release from lysosomes
still remains elusive.
Transient receptor potential mucolipin-1 (TRPML1 or ML1) is a
member of the TRP cation channel superfamily and is primarily
localized on the lysosome membrane (Cheng et al., 2010).
Human mutations of TRPML1 cause mucolipidosis type IV
(MLIV), a childhood neurodegenerative disorder with lysosomal
trafficking defects at the cellular level (Sun et al., 2000; Cheng
et al., 2010). In aDrosophilamodel of MLIV, it has been proposed
that the defective clearance of late apoptotic neurons by phago-
cytes contributes significantly to neurodegeneration (Venkata-
chalam et al., 2008). By performing patch-clamp recordings
directly on lysosomal membranes and by measuring lysosomal
Ca2+ release using genetically encoded Ca2+ sensors, we have
characterized ML1 as a Ca2+-permeable channel on the lyso-
somal membrane (Dong et al., 2010; Shen et al., 2012). ML1
conducts Ca2+ from the lysosome lumen into the cytosol and is
specifically activated by phosphatidylinositol 3,5-bisphosphate
[PI(3,5)P2], a late endosome and lysosome-specific low-abun-
dance phosphoinositide (Dong et al., 2010). In the current study,
using mouse knockouts and synthetic agonists/antagonists of
ML1, we investigated the roles of ML1 in phagocytic particle
uptake in bone marrow-derived macrophages.
RESULTS
Expression of ML1 Is Necessary for Efficient Uptake of
Large Particles in Mouse Macrophages
To study particle uptake/ingestion, we isolated bone marrow
macrophages (BMMs) (Chow et al., 2004) from wild-type (WT)
and ML1 knockout (KO) mice (Venugopal et al., 2007). ML1 KO
BMMs contained no detectable level of full-length ML1 tran-
script, as shown by RT-PCR analysis (Figure 1A). Consistent512 Developmental Cell 26, 511–524, September 16, 2013 ª2013 Elswith this, direct patch-clamping the endolysosomal membranes
(Dong et al., 2008) showed that ML-SA1, a membrane-perme-
able TRPML-specific synthetic agonist (Shen et al., 2012), and
PI(3,5)P2, an endogenous activator of ML1 (Cheng et al., 2010;
Dong et al., 2010), activated whole-endolysosome ML1-like cur-
rents (IML1) inWT, but not ML1 KOBMMs (Figure 1B). In contrast,
no significant differences were noted in cell morphology, cell
size, and CD11b (macrophage-specific surface receptor) immu-
noreactivity between WT and ML1 KO BMMs (Figure S1A avail-
able online). The use of animals was approved by the University
Committee on Use and Care for Animals (UCUCA) at the Univer-
sity of Michigan.
To investigate the role of ML1 in particle ingestion, WT and
ML1 KO BMMs were exposed to IgG-opsonized sheep red
blood cells (IgG-RBCs), all 5 mm in size, for different periods
of time (15–90 min; Figure 1C). IgG-RBC uptake was quantified
from at least 150 BMMs per time point for each genotype; unin-
gested IgG-RBCs were hypotonically lysed by briefly (1–2 min)
incubating the cells in 4C water (Chow et al., 2004). Ingested
IgG-RBCs were counted individually by experimenters who
were blind to the genotypes and experimental conditions. Signif-
icantly fewer IgG-RBCs were internalized by ML1 KO BMMs
compared with WT controls at the latter three time points (30,
60, and 90 min; Figures 1C–1E). Based on distribution histo-
grams of the number of ingested particles per cell (Figure S1B),
thresholds were set (4 to 10 or more particles per cell) based on
the cell type and particle size to compare the phagocytic capa-
bility. Based on a threshold of 10 or more (10+) IgG-RBCs for
BMMs (Figure 1D), a significant difference in particle uptake
was noted betweenWT andML1 KO BMMs, with the uptake de-
fects being more severe as time progressed (Figure 1C–1E and
S1B). After 90 min, 50% of WT, but less than 20% of ML1
KO BMMs contained 10+ internalized IgG-RBCs (Figure 1D).
The progressive inhibition of uptake caused by ML1 deficiency
suggested that ML1 is necessary for the ongoing uptake of large
particles, which is consistent with the reported, preferential
requirement of lysosomal membrane delivery for large particle
uptake (Huynh et al., 2007). To further probe this possibility,
BMMs were tested for their ability to ingest different-sized IgG-
opsonized polystyrene beads. Interestingly, although the inter-
nalization of 3 mm beads (a threshold of 10+ 3 mm beads set
for BMMs) was similar for WT and ML1 KO BMMs, uptake of
6 mmbeads (a threshold of 4+ 6 mmbeads for BMMs) was signif-
icantly reduced in ML1 KO BMMs at all time points (Figures 1F
and S1C). Uptake of zymosan particles (diameter = 2–3 mm)
was also normal for ML1 KO BMMs (Figure S1D). These obser-
vations are reminiscent of the particle size-dependent uptake
defect seen in Syt VII/ BMMs (Czibener et al., 2006). Taken
together, these results suggest that ML1 is required for efficient
uptake of large particles, i.e., when the need formembranes from
internal sources is high (Huynh et al., 2007).
The Channel Activity of ML1 Regulates Large Particle
Uptake in Macrophages
Next, we investigated whether increasing the expression/
activity of ML1 can facilitate particle uptake in macrophages.
Incubating WT BMMs with a TRPML agonist, ML-SA1 (1–
10 mM), for 15 min caused more than a 2-fold increase in the
percentage of cells containing 10+ IgG-RBCs (Figure 2A). Inevier Inc.
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Figure 1. TRPML1 Is Necessary for Optimal
Phagocytosis of Large Particles in Bone
Marrow Macrophages
(A) RT-PCR analysis of wild-type (WT) and
TRPML1 KO (ML1 KO) bone marrow-derived
macrophages (BMMs) using a primer pair target-
ing the deleted region (exons 3, 4, and 5) of
the TRPML1 gene (Venugopal et al., 2007). The
housekeeping gene L32 served as a loading
control.
(B) ML-SA1 robustly activated endogenous whole-
endolysosome ML1-like currents in WT, but not
ML1 KO BMMs.
(C) WT and ML1 KO BMMs were exposed to
IgG-opsonized red blood cells (IgG-RBCs; red
colored) at a ratio of 50 RBCs/BMM for time
periods indicated (15, 30, 60, and 90 min). Non-
ingested IgG-RBCs were lysed by briefly (1–2 min)
incubating the cells in water at 4C. Samples
were then fixed and processed for confocal
microscopy.
(D) Average particle ingestion for WT and ML1 KO
BMMs. Ingested IgG-RBCs were quantified for
150–200 BMMs per experiment, by experimenters
who were blind to the genotype.
(E) ML1 KO BMMs had a lower uptake index
compared with WT BMMs. Uptake index was
calculated based on the total number of RBCs
ingested for 100 BMMs.
(F) Particle-size-dependent phagocytosis defect
of ML1 KO BMMs. BMMs were exposed to 3
or 6 mm IgG-coated polystyrene beads for
indicated periods of time. Samples were washed extensively and briefly trypsinized to dissociate noningested beads attached to the cell surface or
coverslips. The number of ingested particles was determined as described in (D).
For all panels, unless otherwise indicated, the data represent the mean ± SEM from at least three independent experiments. See also Figure S1.
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ure 2A). Moreover, heterologous expression of ML1-GFP in
ML1 KO BMMs was sufficient to restore the uptake efficiency
to the same level of WT BMMs, whereas expression of ML1-
KK-GFP, a nonconducting pore mutant of ML1 (Dong et al.,
2010), had no effect (Figure 2B). These results established a
positive correlation between the channel activity of ML1 and
IgG-RBC uptake.
We also examined particle uptake in RAW 264.7 macrophage
cell line, as well as RAW cell lines stably expressing ML1
(ML1 overexpression or O/E) or ML1-specfic RNAi (ML1
knockdown or KD) (Thompson et al., 2007). ML1 expression
levels in these three cell lines were confirmed using whole-
endolysosome recordings (Figure 2C) and RT-PCR analysis
(Figure 2D). Interestingly, particle uptake efficiency in these
lines correlated with their respective expression levels of
ML1, with an even greater correlation in the presence of
ML-SA1 (Figures 2E and S2A). The threshold of 5+ ingested
IgG-RBCs was set to reflect the smaller size of RAW cells
compared to BMMs. Although 30% of the ML1 O/E cells
ingested 5+ IgG-RBCs, less than 10% of ML1 KD cells con-
tained 5+ IgG-RBCs (Figure 2E). Collectively, these data sug-
gest that the efficiency of particle uptake in macrophages is
positively correlated with the expression level and channel
activity of ML1.
Consistent with previous studies showing that uptake of large
particles is a Ca2+-dependent process in BMMs (Czibener et al.,Developmen2006), and consistent with ML1 being a lysosomal Ca2+-perme-
able channel (Cheng et al., 2010), pretreatment of BMMs with a
membrane-permeable, fast Ca2+ chelator BAPTA-AM (Shen
et al., 2011) inhibited particle uptake in WT macrophages but
to a lower degree in ML1 KO cells (Figure 2F). In contrast, a
membrane-permeable, slow Ca2+ chelator EGTA-AM had little
or no effect (Figure S2B), suggesting a local source of Ca2+
(Shen et al., 2011).
To further investigate the role of ML1 in particle uptake, we
also employed pharmacological tools to acutely inhibit the
channel function of ML1. Using a Ca2+ imaging-based high-
throughput screening method (Shen et al., 2012), we identified
three synthetic small molecule inhibitors for ML1 (mucolipin
synthetic inhibitor 1-3 or ML-SI1-3; see Figures S2C and
S2F). Using whole-endolysosome patch-clamp recordings, we
confirmed that ML-SI1 strongly inhibited basal (Figure 2G),
ML-SA1, or PI(3,5)P2-activated IML1 (Figure S2D). In contrast,
ML-SI1 failed to inhibit PI(3,5)P2-activated whole-endolyso-
some TPC2 currents (Wang et al., 2012) (Figure S2E), demon-
strating a relative specificity. ML-SI1 (10 mM) treatment was
sufficient to reduce IgG-RBC uptake in WT BMMs to the
same level as ML1 KO BMMs, without significantly affecting
the uptake in ML1 KO cells (Figure 2H). Furthermore, all
three ML1 inhibitors significantly reduced the uptake of IgG-
opsonized 6 mm beads (Figure S2G). These results suggest
that the channel activity of ML1 is required for large particle
uptake in macrophages.tal Cell 26, 511–524, September 16, 2013 ª2013 Elsevier Inc. 513
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Figure 2. The Expression Level and Channel
Activity of ML1 Regulate Particle Ingestion
in Macrophages
(A) Micromolar concentrations of ML-SA1 (0.1, 1,
and 10 mM; preincubation for 15 min) increased
particle uptake in WT, but not ML1 KO BMMs.
BMMswere exposed to IgG-RBCs in the presence
of ML-SA1 for 15 min.
(B) Transfection of ML1-GFP, but not ML1-KK-
GFP (nonconducting pore mutation) (Dong et al.,
2010), rescued the uptake defect in ML1 KO
BMMs. BMMs were exposed to IgG-RBCs for
30 min in the presence or absence of the small
molecule TRPML agonist, ML-SA1 (10 mM).
(C) ML-SA1-activated whole-endolysosome
TRPML-like currents in RAW 264.7 macrophage
cell lines, RAW cells stably expressing ML1-GFP
(ML1 overexpression or O/E), andRAWcells stably
expressing ML1-specific RNAi (ML1 knockdown
or KD) (Thompson et al., 2007).
(D) Real-time RT-PCR analysis of ML1 RNA
expression level (relative to L32) in RAW macro-
phages (n = 3 batches of independent experiments
for each cell type).
(E) Particle uptake in RAW 264.7, ML1 O/E, and
ML1 KD RAW macrophages.
(F) Particle uptake was sensitive to intracellular
Ca2+. BMMs were preincubated with the mem-
brane-permeable fast Ca2+ chelator BAPTA-AM
(1 mM; 15 min) prior to IgG-RBC exposure.
(G) ML-SI1 inhibited large basal whole-endolyso-
some IML1 that was seen in a subset of ML1-
expressing Cos1 cells.
(H) ML-SI1 (10 mM; preincubation for 15 min) in-
hibited particle ingestion in WT BMMs to a similar
level of that in ML1 KO BMMs. BMMs were
exposed to IgG-RBCs in the presence of ML-SI1
for 30 min.
For all panels, unless otherwise indicated, the data
represent the mean ± SEM from at least three
independent experiments; 150–200 BMMs were
analyzed for each experiment. See also Figure S2.
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Nascent Phagosomes
To investigate themechanisms by whichML1 contributes to par-
ticle uptake, we performed time-lapse confocal microscopy of
live RAW cells during the particle uptake process. Strikingly,
we observed that ML1-GFP was rapidly (within 1–3 min) re-
cruited to the sites of phagosome formation during uptake of
6 mm beads (Figure 3A; Movie S1) and IgG-RBCs (Figure S3A;
Movie S2). In contrast, ML1-GFP was not recruited to the sites
of phagosome formation during uptake of 3 mm beads (Fig-
ure S3B; see also Figure 3C).
Next, we compared the localization of ML1 with other endoso-
mal and lysosomal proteins that are known to be involved in
phagosome formation and maturation. Syt VII is a lysosomal
Ca2+ sensor, but has been shown to be recruited to the nascent
phagosomes upon particle binding (Czibener et al., 2006). BMMs
isolated from Syt VII KO mice exhibit a similar phenotype as
ML1 KO BMMs: the defect is proportional to the particle size
(Czibener et al., 2006). Both ML1-GFP and Syt VII-mCherry
were found to be colocalized at the tip of the pseudopods in
doubly transfected RAW cells (Figure S3C). Within 2–3 min after514 Developmental Cell 26, 511–524, September 16, 2013 ª2013 Elsexposing the RAW cells to IgG-RBCs, both ML1-GFP and Syt
VII-mCherry appeared on the membranes of nascent phago-
somes (Figure 3B; Movie S3). ML1-GFP and Syt VII-mCherry-
positive (lysosomal) tubules were then observed wrapping
themselves around the newly formed phagosomes (Figure 3B,
frame 3 min 53 s); the recruitment kinetics was similar for both
proteins (Movie S3).
Similar to ML1 and Syt-VII, lysosome-associated membrane
protein 1 (Lamp-1) was also rapidly recruited to newly formed
large-particle-containing phagosomes in RAW macrophages
BMMs (Figure 3C). However, rapid recruitment of ML1 and
Lamp1 were not seen in the presence of ML-SI1 (Figure S3E),
or for small particle uptake (Figure S3D). The recruitment of
ML1 and Lamp1 to forming phagosomes occurred prior to the
recruitment of Rab5, an early phagosome maturation marker
(Kitano et al., 2008; Guo et al., 2010), or Rab7, a late phagosome
maturation marker (Henry et al., 2004; Guo et al., 2010) (Figures
3C and 3D). Consistently, during large particle uptake, the newly
formed phagosomes (5 min after particle binding) in WT BMMs,
compared with ML1 KO BMMs, contained significantly more
Lamp1 proteins (Figure S3F). Phagosomes are still wrappedevier Inc.
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ure S3G; see also Czibener et al., 2006). Collectively, these re-
sults suggest that during large particle uptake, recruitment of
ML1 and other lysosomal membrane proteins occurred in the
very early stages of phagosome formation, prior to Rab5-
mediated early phagosome maturation. The recruitment of
Lamp1 was significantly delayed in the ML1 KO BMMs, or in
the presence of ML1 inhibitors (Figure S3E), suggestive of a
crucial role of ML1 in delivering lysosomal proteins and mem-
branes to phagocytic cups.
To further separate phagosome formation from late phago-
some maturation, we monitored the ML1-GFP recruitment in
macrophages that were exposed to small particles. In contrast
to large particle uptake, ML1 was recruited to small particle-
containing phagosomes only after 15–20 min of phagocytosis
initiation (Figures 3C and 3D), which was after Rab5 recruitment,
but at a similar time course to Rab7 recruitment and phagosomal
acidification (Figures S3D and S3E). Hence, ML1 might also play
a role in late phagosome maturation.
To further confirm the presence of ML1 on the newly formed
phagosomes, we developed a patch-clamp method to directly
record from phagosomal membranes (Figures 4A and 4B).
Phagosomes were isolated from Lamp1-GFP or ML1-GFP-
transfected RAW cells after exposure to IgG-RBCs or beads
for 5 min. In Lamp1-GFP-transfected RAW cells, bath applica-
tion of PI(3,5)P2 (100 nM), or ML-SA1 (25 mM) readily activated
endogenous whole-phagosome ML1-like currents (Figure 4C).
Much larger whole-phagosome ML-SA1-activated currents
were seen in ML1-GFP-transfected RAW cells. In WT BMMs,
whole-phagosome IML1 was activated by ML-SA1 and inhibited
by ML-SI1 (Figure 4D). No significant whole-phagosome IML1
was seen in ML1 KO BMMs (Figure 4D). In contrast, PI(3,5)P2-
activated TPC currents (Wang et al., 2012) were present in a
subset of WT and ML1 KO BMMs (Figure 4D). These results
thus provide functional evidence that ML1 is recruited to nascent
phagosomes.
Particle Binding InducesML1-Mediated Lysosomal Ca2+
Release and Lysosomal Exocytosis in Macrophages
Lysosome fusion with the plasma membrane (lysosomal exocy-
tosis) has been shown to be required for the uptake of large par-
ticles in macrophages (Czibener et al., 2006). Fibroblasts from
ML4 patients exhibit impaired lysosomal exocytosis induced
by ionomycin and increased expression levels of the TFEB lyso-
some biogenesis transcription factor (LaPlante et al., 2006;
Medina et al., 2011). To directly investigate the role of ML1 in
lysosomal exocytosis, we acutely activated ML1 using ML-SA1
and evaluated lysosomal exocytosis by using Lamp1 surface
immunostaining with the ML1 KO as the negative control. After
lysosomal exocytosis, luminal lysosomal membrane proteins
can be detected on the extracellular side of the plasma mem-
brane by measuring surface expression of Lamp1 with a mono-
clonal antibody (1D4B) against a luminal epitope of Lamp1
(Reddy et al., 2001). After incubation with the agonist ML-SA1
for 30 min, WT, but not ML1 KO BMMs, exhibited a marked in-
crease in Lamp1 staining (Figures 5A, S4A, and S4B). Pretreat-
ment with the fast Ca2+ chelator BAPTA-AM almost completely
abolished ML-SA1-induced Lamp1 surface staining in WT
BMMs (Figure S4A). Collectively, these results suggest that theDevelopmenchannel activity of ML1 is required for lysosomal exocytosis in
macrophages in a Ca2+-dependent manner.
Upon lysosomal exocytosis, lysosomal hydrolytic enzymes
such as acid phosphatases (APs) are released into the extracel-
lular medium (Reddy et al., 2001). Incubation with ML-SA1 (1 or
10 mM for 15 and 30 min) caused a significant increase in the AP
release/activity in WT, but not ML1 KO BMMs (Figures S4C and
S4D). Treating cells with Ca2+ ionophore ionomycin induced a
large AP release in ML1 KO BMMs, suggesting that the exocy-
tosis machinery was operative (Figure S4E). In RAW macro-
phage cell lines, the level of ML-SA1-induced AP release was
correlated with the expression level and channel activity of
ML1 (Figure S4C). ML-SA1-induced AP release in WT BMMs
was largely abolished by BAPTA-AM treatment, but not by
removing extracellular Ca2+ (Figure S4F).
Lysosomal membrane fusion events are presumed to be
dependent on [Ca2+]i increase in the close vicinity of fusion
spots, though direct evidence has not been reported (Pryor
et al., 2000; Piper and Luzio 2004; Shen et al., 2011). Because
ML1-GFPwas colocalized with Lamp1 in the tips of pseudopods
in RAW cells (Figure S3C), we used a lysosome-targeted genet-
ically encoded Ca2+ Indicator, GCaMP3-ML1, to specifically
measure lysosomal Ca2+ release in intact cells (Shen et al.,
2012). Transient and localized Ca2+ increases, measured with
GCaMP3 fluorescence changes, were observed preferentially
at the uptake sites of Syt VII-mCherry-positive lysosomes within
several minutes of particle binding for both IgG-RBCs (Figure 5B,
frames 45 s and 3 min and 15 s) and 6 mm beads (Figure S4G). In
contrast, little or no GCaMP3 fluorescence increase was seen in
other areas of the phagocytosing macrophages within the same
time course (Figures 5B, S4H, and S4I). These results suggest
that particle binding induces ML1-mediated lysosomal Ca2+
release, locally at the sites of uptake.
To investigate the role of ML1 in lysosomal exocytosis and
particle uptake, BMMs were exposed to IgG-RBCs for various
lengths of time, and acid phosphatase (AP) release was
measured. Compared with WT BMMs, ML1 KO cells exhibited
significantly less IgG-RBC-induced AP release (Figure 5C). Inter-
estingly, this difference was abolished by either BAPTA-AM or
inhibition of ML1 using ML-SI1 (Figure 5C).
Next, we directly investigated the insertion of ML1 onto the
plasma membrane during particle uptake. Because current anti-
bodies are inadequate for detecting endogenous ML1 proteins,
we developed a whole-cell patch-clamp method to ‘‘detect’’
the plasma membrane insertion of ML1 during particle uptake.
This electrophysiology-based ‘‘exocytosis assay’’ provides tem-
poral resolution far superior to other exocytosis/secretion
assays. In order to facilitate detection (by decreasing the turn-
over time of ML1 at the plasma membrane), we used a cell-
permeable dynamin inhibitor, dynasore (Macia et al., 2006), to
block endocytosis that is presumed to be coupled with focal
exocytosis (Lee et al., 2007; Tam et al., 2010). Large ML-SA1-
inducedwhole-cell ML1-like currents were observed upon expo-
sure of WT BMMs to IgG-RBCs for 10 min in the presence of
dynasore (Figures 5D and 5E). In contrast, no significant ML-
SA1-induced whole-cell currents were observed in RBC-treated
ML1 KO BMMs, or WT BMMs treated with dynasore alone
(Figures 5D and 5E). IgG-RBC-induced whole-cell IML1 was
completely inhibited by BAPTA-AM pretreatment (Figure 5E),tal Cell 26, 511–524, September 16, 2013 ª2013 Elsevier Inc. 515
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Figure 3. Particle Binding to Macrophages Rapidly Recruits ML1-GFP to the Phagocytic Cups and Nascent Phagosomes
(A) Rapid recruitment of ML1-GFP to the sites of particle ingestion (white arrow) and to expanding membrane extensions. Selected frames from time-lapse
confocal microscopy of aML1-GFP transfected RAW 264.7macrophage that was exposed to 6 mm IgG-coated polystyrene beads. Approximately 1 min after the
attachment of beads to the cell surface, ML1-GFP was recruited to the membrane extension surrounding the particle (Frame 1 min 15 s; Movie S1). Note that
phagocytosis may have been initiated before the imaging time zero due to a technical difficulty in identifying phagocytosing macrophages and capturing
phagocytosing events, which typically took 5–10 min after RBCs were added to the recording chamber. Scale bar represents 5 mm.
(legend continued on next page)
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Figure 4. Whole-Phagosome Recording of
ML1 Channels in the Isolated Nascent
Phagosomes
(A) Cartoon illustrations of whole-phagosome
recording procedures. Upon RBC uptake (left
panel), patch electrodes are used to slice open the
phagocytosing macrophage within 5 min of parti-
cle binding and ingestion. After RBC-containing
phagosomes are isolated, a patch pipette is used
to achieve the whole-phagosome configuration.
(B) An illustration of whole-phagosome configu-
ration. Cells were transfected with Lamp-1-GFP or
ML1-GFP and then exposed to IgG-coated beads
on ice for 20 min; after phagocytosis was induced
by transferring the cells to 37C for 5 min, the
newly formed phagosomes were isolated for
electrophysiology.
(C) ML-SA1- or PI(3,5)P2-activated endogenous
whole-phagosome TRPML-like currents in RAW
264.7 cells.
(D) Whole-phagosome IML1 in WT, but not ML1 KO
BMMs. ML-SA1 (25 mM)-activated IML1 was in-
hibited by ML-SI1 (50 mM) in WT phagosomes (left
panel). No ML-SA1- activated IML1 was seen in
ML1 KO phagosomes, in which PI(3,5)P2 (1 mM)
robustly activated ITPC.
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Ca2+-dependent process.
ML1 Regulates Particle Ingestion via Lysosomal
Exocytosis
To directly investigate whether the involvement of ML1 in large
particle uptake is mediated by lysosomal exocytosis, we
assessed particle uptake upon increasing the expression level
and channel activity of ML1 while simultaneously blocking lyso-
somal exocytosis. Three approaches were employed to block
lysosomal exocytosis. First, lysosomal exocytosis and particle
uptake are inhibited by dominant-negative (DN) forms of Syt-
VII (Reddy et al., 2001). We found that ML-SA1-induced large
particle uptake was significantly reduced in Syt-VII-DN-trans-
fectedML1O/E RAWcells (Figure 6A). Second, VAMP7 is a lyso-
somal SNARE protein required for lysosome-plasma membrane
fusion (Braun et al., 2004). VAMP7 belongs to the Longin family of
SNARE proteins, characterized by the presence of an autoinhibi-(B) ML1-GFP and Syt VII-mCherry were simultaneously recruited to nascent phagosomes. Selected frames
showed a RAW cell doubly transfected withML1-GFP and Syt VII-mCherry that was exposed to IgG-RBCs. W
ML1-GFP and Syt VII-mCherry were concurrently recruited to the site of phagosome formation. Scale bar re
(C) The recruitment kinetics of different endolysosomal markers to the particle-containing phagosomes. RAW
molecular endosomal and lysosomal markers. Upon particle binding, the recruitment of thesemarkers to phag
the course of 40 min. For large particles, ML1-mCherry and Lamp1-GFP were recruited to the forming phag
Rab7-GFP and LysoTracker were observed in the phagosomes 20 min after phagocytosis initiation; Rab
phagocytosis initiation and then disappeared 1015 min later. For small particles (bottom row), ML1-G
phagosomes 15–20 min after phagocytosis initiation. The center of the particle is indicated with an asterisk.
(D) Summary of recruitment kinetics of various endolysosomal markers to phagosomes.
See also Figure S3.
Developmental Cell 26, 511–524, Setory domain at their N terminus (Martinez-
Arca et al., 2003). Overexpression of the
Longin domain of VAMP7 alone in macro-
phages is known to exert a dominantnegative effect on both lysosomal exocytosis and particle uptake
(Braun et al., 2004). ML-SA1 treatment failed to enhance particle
uptake in cells transfected with Longin-GFP including ML1 O/E
RAW cells (Figure 6B) and WT BMMs (Figure S5A), whereas
overexpression of VAMP7-GFP had no inhibitory effect. Third,
lysosomal exocytosis can also be reduced by treating the cells
with colchicine, a known inhibitor of microtubule polymerization
(Lee et al., 2007). We found that colchicine treatment signifi-
cantly inhibited ML-SA1-induced large particle uptake (Fig-
ure 6C) and lysosomal AP release (Figure S5B) in ML1 O/E
RAW cells. Taken together, these data suggest that ML1 partic-
ipates in large particle uptake by regulating Ca2+-dependent
lysosomal exocytosis in macrophages. The residual particle up-
take in ML1 KO BMMs was further inhibited by tetanus toxin
(TeNT, an inhibitor of several VAMP proteins including VAMP3;
Figure S5C), which is consistent with an additional contribution
of membranes/exocytosis from recycling endosomes as re-
ported previously (Braun et al., 2004).from time-lapse confocal microscopy (Movie S3)
hite box indicates the site of particle ingestion; both
presents 10 mm.
macrophage cells were transfected with various
osomeswasmonitored using live-cell imaging over
osomes within 5 min after phagocytosis initiation;
5-GFP appeared on the phagosomes 10 min after
FP was recruited to the small particle-containing
Scale bars represent 5 mm.
ptember 16, 2013 ª2013 Elsevier Inc. 517
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Figure 5. Particle Binding Induces ML1-
Dependent Lysosomal Ca2+ Release and
Lysosomal Exocytosis in Macrophages
(A)ML-SA1 (10 mM for 30min) treatment resulted in
localization of Lamp1 (red) on the plasma mem-
brane in nonpermeabilized WT, but not ML1 KO
BMMs. Lamp1 surface expression was detected
using an antibody recognizing a luminal epitope
(1D4B). After the cells were permeabilized, total
(cell surface + intracellular; green) Lamp1 proteins
were detected by using the same antibody. Scale
bar represents 5 mm.
(B) IgG-RBC binding triggered a localized Ca2+
increase at the site of uptake, shown with selected
image frames of a RAW cell doubly transfected
with GCaMP3-ML1 and Syt VII-mCherry. Upon
IgG-RBC binding, GCaMP3-ML1 fluorescence
increased rapidly (frame 0min 45 s) near the site of
uptake and around the Syt VII-mCherry-positive
compartments in the membrane extension and
then decreased after phagosome formation (frame
6 min 15 s). Lower panel shows the time-depen-
dent changes of GCaMP3-ML1 fluorescence upon
particle binding, at the site of uptake (phagocytic
region) and in the cell body (whole-cell region).
White arrow indicates the phagocytic cup. Scale
bar represents 10 mm.
(C) RBC-ingestion-induced lysosomal acid phos-
phatase (AP) release in WT BMMs was reduced by
treatment of BAPTA-AM (500 nM, preincubation
for 15 min) or ML-SI1 (10 mM, preincubation for
10 min).
(D) Whole-cell ML1-like currents in WT BMMs that
were exposed to IgG-RBCs for 10 min. Dynasore
(Dyn, 100 mM) was used to block Dynamin-
dependent endocytosis to facilitate the detection
of whole-cell IML1. No significant whole-cell IML1
was detected in ML1 KO BMMs (IgG-RBCs for
10 min).
(E) Summary of whole-cell IML1 under different
experimental conditions.
For all panels, unless otherwise indicated, the data
represent the mean ± SEM from at least three in-
dependent experiments. See also Figure S4.
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Dependent Manner
PI(3,5)P2 is the only known endogenous activator of ML1 (Dong
et al., 2010). PI(3,5)P2 is generated from PI(3)P by a protein com-
plex that contains PIKfyve/Fab1, a PI-5 kinase that is localized in
late endosomes and lysosomes. The activity of PIKfyve/Fab1 is
dependent on the FIG4 protein in the complex (Lenk et al.,
2011). Thus, macrophages isolated from FIG4 KO mice are pre-
dicted to have a reduced PI(3,5)P2 level compared with WT cells
(Chow et al., 2007). FIG4 KO BMMs contained enlarged Lamp1-
positive compartments (Figure S5D), as seen in other cells types
from FIG4KOmice (Chow et al., 2007; Lenk et al., 2011). Further-
more, FIG4 KO BMMs were defective in IgG-RBC uptake (Fig-
ure 6D) andML-SA1- or IgG-RBC-induced lysosomal AP release
(Figure S5E). Large (6 mm), but not small (3 mm) bead uptake, was
also defective in WT BMMs treated with YM201636 (1 mM; Fig-
ures 6E and 6F), a PIKfyve inhibitor (Jefferies et al., 2008).518 Developmental Cell 26, 511–524, September 16, 2013 ª2013 ElsTo directly test the possibility that an elevation of PI(3,5)P2 is
locally triggered by large particle binding, we have generated a
PI(3,5)P2-specific probe, ML1-2N-GFP, made by the fusion of
GFP to the phosphoinositide-binding domain of ML1 (X.L.,
X.W., X.Z., M. Zhao, Y. Zhang, R. Yau, L.S.W., and H.X., unpub-
lished data). The probe was mainly localized to Lamp1-positive
compartments, and this localization can be altered by mutations
in the probe, or by genetically or pharmacologically manipulating
the PI(3,5)P2 level, suggestive of the specificity of the probe.
Strikingly, ML1-2N-GFP was rapidly recruited to the forming
phagosomes (Figure 6G) in RAW cells that were doubly trans-
fected with ML1-2N-GFP and Syt-VII-mCherry. A transient and
localized increase in ML1-2N-GFP fluorescent intensity was
observed preferentially at the uptake sites of Syt-VII-mCherry-
positive lysosomes within 3 min of particle binding (Figure 6G,
frame 2 min and 54 s; Movie S4). In contrast, no increase
in GFP fluorescence was observed in cells transfected withevier Inc.
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X.W., X.Z., M. Zhao, Y. Zhang, R. Yau, L.S.W., and H.X., unpub-
lished data) (Figure S5F). We also analyzed the kinetics of two
other phosphoinositides that are known to accumulate at the
site of phagocytosis. PI(3)P was detected using the 2X-FYVE-
GFP probe, and PI(3,4)P2/PI(3,4,5)P3 was detected using the
AKT-PH-GFP probe (Yeung et al., 2006). The AKT-PH-GFP
probe accumulated rapidly on forming phagosomes, but quickly
disappeared upon closing of phagocytic cups (Figure S5H), sug-
gesting that the time course of PI(3,4)P2/PI(3,4,5)P3 transient
matches phagosome formation and closure as shown previously
(Yeung et al., 2006). In contrast, the PI(3)P probe accumulated on
the early phagosomes 10 min after phagosome initiation (Fig-
ures S5G and S5H; see also Yeung et al., 2006), which was
similar to Rab5 recruitment to early phagosomes. Note that
PI(3)P increase occurred after Syt-VII recruitment (Figure S5G).
Because PI(3,5)P2 accumulates at the phagocytic site in a time
course similar to PI(3,4)P2/PI(3,4,5)P3, but prior to PI(3)P, it is
very likely that PI(3,5)P2 increase occurs during phagosome
formation.
We also measured the radio-labeled phosphoinositides using
high-performance liquid chromatography (HPLC) (Zolov et al.,
2012). We found that PI(3,5)P2 levels increased significantly dur-
ing the first 5 min of phagocytosis upon particle binding, which
corresponds to the time necessary for phagosomes formation
(Figure 6H). These results suggest that localized PI(3,5)P2 gener-
ation may be one of the initial steps during large particle inges-
tion (Figure 6H).
ML1 Deficiency Results in Defective Clearance of
Senescent and Apoptotic Cells In Vivo
Senescent RBCs are normally phagocytosed by macrophages
in the red pulp region of the spleen, followed by the degradation
of their hemoglobin and recycling of iron into the circulating
blood (Bratosin et al., 1998). Considering that ML1 KO BMMs
were defective in the uptake of large cellular particles, we
investigated RBC clearance in the spleens of ML1 KO mice.
In ML1 KO spleens, although Lamp1 expression was elevated
(Figures S6A and S6B), immunoreactivity of the control macro-
phage marker CD11b was normal (Figures S6C). ML1 KO mice
exhibited enlarged spleens, but had normal kidney size,
compared with WT controls (Figures S6D and S6E), suggestive
of compensatory changes secondary to defective clearance of
senescent RBCs (Kohyama et al., 2009). Consistently, hema-
toxylin and eosin (H&E) staining of spleen sections revealed
an accumulation of RBCs in both white and red pulps of ML1
KO but not WT spleens (Figure 7A). In addition, ML1 KO mice
had a higher level of RBCs in the blood compared with WT con-
trols, which had a red blood cell count within the normal range
(Figure S6F).
Accumulation of RBCs in the spleen reportedly leads to a
buildup of splenic iron stores (Kohyama et al., 2009). Indeed,
Perl’s Prussian blue staining (for ferric iron) revealed an accumu-
lation of iron stores in the spleens of ML1 KO mice, which was
largely confined to the red pulp region (Figure 7B). Consistently,
inductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis revealed that iron content was selectively increased in the
ML1 KO spleens (Figure 7C). Taken together, these results sug-
gest that RBC clearance is defective in ML1 KO mice.DevelopmenDefective phagocytosis in the brain may lead to inflammation
and microglia (macrophage-like cells in the brain) activation
(Venkatachalam et al., 2008; Vitner et al., 2010). Consistently,
Iba1, a 17 kDa EF hand protein that is specifically expressed in
activated macrophage/microglia (Ferguson et al., 2009), was
upregulated in the brain of ML1 and FIG4 KO mice (Figures 7D
and 7E). Further, massive cell death was observed in the brains
of ML1 and FIG4 KO mice (Figure 7F).
DISCUSSION
Using pharmacological, genetic, and biochemical approaches,
we demonstrate that the channel activity of ML1 is necessary
for efficient uptake of large particles in macrophages. Live imag-
ing and electrophysiological recordings reveal thatML1 is rapidly
activated and recruited to the membrane extensions surround-
ing the particles in the process of phagocytic internalization.
Our results are compatible with the following working model:
large particle binding to macrophages triggers PI(3,5)P2 eleva-
tion, which induces ML1-mediated lysosomal Ca2+ release and
lysosomal exocytosis at the sites of uptake (see Figure 6I).
The activation of IgG Fc receptors during phagocytosis has
been known to induce a transient increase in [Ca2+]i in neutro-
phils (Myers and Swanson 2002; Nunes and Demaurex 2010).
This was not seen in macrophages (Nunes and Demaurex
2010). Using our recently established lysosome-specific Ca2+
imaging method with lysosome-targeted genetically encoded
Ca2+ sensor GCaMP3, which is more sensitive in detecting
lysosomal Ca2+ release than conventional methods, we indeed
found that particle binding to macrophages also induces Ca2+
increase, but exclusively at the site of the particle uptake.
Furthermore, the present study has extended the earlier obser-
vations by demonstrating that transient Ca2+ release from the
lysosomes through ML1 is responsible for triggering lysosomal
exocytosis during the uptake of large particles. Additionally,
acidic granules in neutrophils (equivalent to lysosomes inmacro-
phages) have been shown to redistribute toward the site of
particle uptake, suggesting a source of membrane (Stendahl
et al., 1994; Tapper et al., 2002). Using time-lapse live imaging,
we have demonstrated that lysosomes and their resident pro-
teins are also redistributed toward the site of uptake in macro-
phages. Thus, lysosomes serve uniquely as sources not only
for membranes, but also for Ca2+ that is required for Syt-VII
activation/recruitment.
What differentiates the uptake of large versus small particles is
not clear. A small increase in the diameter of particlemay result in
a much larger demand for membranes, receptors, signaling
molecules, and cytoskeleton machinery. It is known that the
uptake of large (>4.5 mm) IgG-coated particles depends on phos-
phatidylinositol 3-kinase (PI3K) activity, whereas the uptake of
smaller (<3 mm) particles does not require PI3K activity (Cox
et al., 1999). For example, Wortmannin and LY294002, two
nonspecific type I and II PI3K inhibitors, preferentially inhibit
the uptake of large particles (Cox et al., 1999; Hoppe and Swan-
son 2004). Although type I PI3K has been linked to an effect on
cytoskeleton rearrangement during large particle uptake (Cox
et al., 1999; Hoppe and Swanson 2004), type II PI3K could
contribute to large particle uptake via the production of PI(3)P,
the precursor of PI(3,5)P2, which in turn is the endogenoustal Cell 26, 511–524, September 16, 2013 ª2013 Elsevier Inc. 519
Figure 6. ML1-Mediated Facilitation of Particle Ingestion Is Dependent on Lysosomal Exocytosis
(A) ML-SA1 (10 mM) failed to increase particle ingestion in ML1 O/E RAW cells transfected with a Syt VII dominant-negative (DN) construct. Cells were pre-
incubated with DMSO or ML-SA1 for 15 min before they were exposed to IgG-RBCs for 30 min.
(B) ML-SA1 (10 mM) failed to increase particle ingestion in ML1 O/E RAW cells transfected with a VAMP7 dominant-negative (VAMP7-DN) construct.
(C) A microtubule-disrupting agent colchicine (10 mM) inhibited ML-SA1-enhanced particle ingestion in WT BMMs.
(D) FIG4 KO macrophages were defective in IgG-RBC ingestion. WT and FIG4 KO BMMs were exposed to IgG-RBCs for time periods indicated.
(E) YM0201636 (1 mM for 2 hr) treatment inhibited uptake of 6 mm beads, but not 3 mm beads in WT BMMs.
(F) Differential effects of YM201636 on large and small particle uptake.
(legend continued on next page)
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Figure 7. ML1 Deficiency Results in Defec-
tive Clearance of Senescent Red Blood
Cells in the Spleen and Microglia Activation
in the Brain
(A) Accumulation of RBCs in the red (RP) and white
(WP) pulps of a ML1 KO spleen revealed by H&E
staining.
(B) Perl’s (Prussian blue) staining for ferric iron in
the splenic red pulp (RP) from 4-month-old mice.
Scale bar represents 200 mm.
(C) ICP-MS analysis of the splenic iron content
using digested whole spleens from WT and ML1
KO mice. Data were presented as ratios of
different ions.
(D) Propidium iodide (PI, 20 mg/ml)-labeled cells in
the cerebral cortex and hippocampus of WT, ML1
KO, and FIG4 KO mouse brain sections.
(E) Iba1 was upregulated in the whole-brain
lysates of ML1 and FIG4 KO mice.
(F) Iba1-positive cells were upregulated in the
sections of the brain cortex of ML1 KO mice.
For all panels, unless otherwise indicated, the data
represent the mean ± SEM from at least three
independent experiments. See also Figure S6.
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PI(3,5)P2 levels also exhibit the size-dependent uptake pheno-
type. It is possible that PI(3,5)P2 production, as detected using
our genetically encoded PI(3,5)P2 sensor, may be the key
signaling event that leads to ML1 activation and subsequent
lysosomal exocytosis (Figures 6H and 6G).
We have shown that during large particle uptake, ML1, Syt-VII,
and Lamp1 are rapidly delivered to forming phagosomes. The
early recruitment of Syt-VII and Lamp1 within 5 min of phagocy-
tosis initiation is impaired when the activity of ML1 is inhibited
and is not seen for small particle uptake. In late phagosome
maturation, lysosomal membrane proteins are also expected
to appear on the phagosomal membranes through phago-
some-lysosome fusion (Flannagan et al., 2012). Indeed, in
contrast to large particle uptake, ML1-GFP was recruited only(G) Upon particle binding, ML1-2N-GFP and Syt VII-mCherry accumulated at the site of uptake within minute
may have occurred before the imaging time zero due to a technical difficulty in identifying macrophages und
(H) HPLC analysis of the levels of PI(3,5)P2 and PI(4,5)P2 during phagosome formation. Myo-[2-
3H] inositol-lab
(6 mm) for 0, 1, 2, 5, and 10 min at 37C. At each time point, cells were centrifuged at 4C and prepared for
experiments.
(I) Particle binding activates lysosomal ML1 to initiate Ca2+-dependent lysosomal exocytosis. Upon particle (
shown) is stimulated at the site of particle uptake. The subsequent increase of PI(3,5)P2 level can then activate
Juxtaorganellar Ca2+ can then bind the Ca2+ sensor Syt VII to trigger lysosome-plasma membrane fusion
membranes for the pseudopod extension around IgG-RBCs. As a result, lysosomal membrane proteins, suc
membrane. Pseudopod extension continues until the IgG-RBCs are completely internalized. Phagocytic cu
formed. Newly formed phagosomes then undergo a series of membrane fusion and fission processes, collect
phagosomes. Lysosomes are also delivered to the late phagosomes through late phagosomematuration (pha
degradation of phagocytic materials. ML1 may also play a role in phagosome-lysosome fusion, but this req
For all panels, unless otherwise indicated, the data represent the mean ± SEM from at least three indep
analyzed for each experiment. For all panels, scale bars represent 10 mm. See also Figure S5.
Developmental Cell 26, 511–524, Seafter 20 min of phagocytosis initiation in
small particle uptake. Therefore, lyso-
somes play dual roles sequentially in
(nascent) phagosome formation and
(late) phagosome formation and are deliv-
ered to the phagosomes at two differentstages. First, for large particles, lysosomes fuse with the plasma
membrane at the phagocytic cup, which provides the mem-
branes necessary for phagosome formation. As a result, lyso-
somalmembrane proteins such asML1 and Lamp1 are delivered
to the newly formed phagosomes, prior to or during phagocytic
cup closing. This is a path via lysosomal exocytosis that occurs
early during phagosome formation. Second, for both large and
small particles, lysosomes are also delivered to the late phago-
somes through late phagosome maturation (phagosome-lyso-
some fusion), which is required for the degradation of phagocytic
materials. This second stage is accompanied by Rab7 recruit-
ment and phagosomal acidification, as well as further recruit-
ment of lysosomal membrane proteins including ML1 and
Lamp1. This is a path that occurs late during phagosome-lyso-
some fusion. As discussed in a previous study (Czibener et al.,s (see Movie S4). Note that phagocytosis initiation
ergoing phagocytosis.
eled RAW cells were exposed to IgG-coated beads
HPLC analysis. Data were from three independent
IgG-RBC) binding, the activity of PIKfyve/Fab1 (not
lysosomal ML1 to induce lysosomal Ca2+ release.
, which provides substantial amount of lysosomal
h as ML1 and Syt-VII, are inserted into the plasma
ps are then closed, and nascent phagosomes are
ively called phagosome maturation, to become late
gosome-lysosome fusion), which is required for the
uires further investigation.
endent experiments; 150–200 macrophages were
ptember 16, 2013 ª2013 Elsevier Inc. 521
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may serve as a rather early preparation for phagosome matura-
tion, especially for large particle uptake, but is not completely
essential for phagosome maturation.
Our results in the present study are consistent with previous
reports showing that the clearance of late apoptotic neurons is
impaired in the Drosophila TRPML mutant (Venkatachalam
et al., 2008), suggesting that TRPML channels play a role in
eliminating pathogenic extracellular particles. Extracellular
accumulation of large particles such as apoptotic cells may
cause brain inflammation and microglia activation, which are
common features in most neurodegenerative lysosome storage
diseases (LSDs) (Vitner et al., 2010). It is possible that defective
phagocytosis of large particle is a general pathogenic factor for
many LSDs, with ML1 channel deregulation in phagocytes being
a primary cause.
EXPERIMENTAL PROCEDURES
Phagocytosis Assay
Sheep RBCs (Lampire Biological Laboratories) were washed twice with
PBS and then fixed with 4% paraformaldehyde (PFA) overnight at 4C
in an end-over-end rotator. Free aldehyde groups were quenched by
resuspension in PBS containing 100 mM glycine for 30 min at 4C; RBCs
were opsonized with rabbit IgG antibody (Equitech-Bio) at 37C for
1 hr. Phagocytosis was initiated by adding IgG-RBCs onto adherent
BMMs at a ratio of 50:1 (RBC: BMM). To synchronize binding and inter-
nalization, IgG-RBCs were centrifuged at 300 rpm for 3 min together
with adherent BMMs. BMMs were placed at 37C and 5% CO2 for
various time points (15–90 min). Noningested IgG-RBCs were lysed by
incubating the cells with water (1 ml) for 2–3 min at 4C (Chow et al.,
2004). RBC-containing BMMs were fixed in 2% PFA and stained with
goat-anti-rabbit IgG AlexaFluor488 (1:500 dilution, Invitrogen). Approximately
150–200 BMMs were typically analyzed for each experiment. Ingested RBCs
were counted by experimenters who were blinded to the genotype and
treatment.
Whole-Phagosome Electrophysiology
RAW macrophages and BMMs were transfected with Lamp1-GFP or
ML1-GFP using the Neon electroporation system (Invitrogen, MPK 5000).
IgG-RBCs were first incubated with macrophages at 4C for 20 min to
synchronize the binding of IgG-RBCs to cells. After several gentle washes,
cells were placed at 37C and 5% CO2 for 5 min to initiate the phagocytosis,
and then transferred to room temperature to slow down the phagocytosis
(Holevinsky and Nelson 1998). Within 5 min of phagocytosis initiation, the
phagosomes formed at this stage were not fused with lysosomes (Vieira
et al., 2002) and were considered as newly formed or nascent phagosomes.
Because the majority of RBC-containing phagosomes (5 mm, roughly as
the size of RBCs) were also Lamp1-GFP or ML1-GFP-positive (see Figure 4),
the GFP-positive vesicles (5 mm) were identified as nascent phagosomes.
Patch-clamp recordings were performed on the isolated newly formed
phagosomes (see Figure 4). To isolate phagosomes, a patch pipette was
used to open the cell by slicing the cell membrane. Then phagosomes
were released into the dish and recognized by GFP fluorescence. The bath
(cytoplasmic) solution contained 140 mM K-gluconate, 4 mM NaCl, 1 mM
EGTA, 2 mM MgCl2, 0.39 mM CaCl2, and 10 mM HEPES (pH adjusted
with KOH to 7.2; free [Ca2+] 100 nM). The pipette (luminal) solution con-
tained 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
10 mM MES, and 10 mM glucose (pH 6.5, adjusted with NaOH). Data were
collected and analyzed as described in the Supplemental Experimental
Procedures.
GCaMP3 and Fura-2 Ca2+ Imaging
Ca2+ imaging was performed as described in Supplemental Experimental
Procedures.522 Developmental Cell 26, 511–524, September 16, 2013 ª2013 ElsLysosomal Enzyme Release/Activity
Lysosomal enzyme release was measured as described in Supplemental
Experimental Procedures.
HPLC Measurement of Phosphoinositide Levels
Phosphoinositides are radio-labeled and measured as described in Supple-
mental Experimental Procedures.
Data Analysis
Data are presented as the mean ± SEM. Statistical comparisons were made
using ANOVA. A p value < 0.05 was considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.08.003.
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